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Replacement of wounded skin requires the initially
florid cellular response to abate and even regress as
the dermal layer returns to a relatively paucicellular
state. The signals that direct this “stop and return”
process have yet to be deciphered. CXCR3 chemokine
receptor and its ligand CXCL11/IP-9/I-TAC are ex-
pressed by basal keratinocytes and CXCL10/IP-10 by
keratinocytes and endothelial cells during wound
healing in mice and humans. In vitro, these ligands
limit motility in dermal fibroblasts and endothelial
cells. To examine whether this signaling pathway
contributes to wound healing in vivo , full-thickness
excisional wounds were created on CXCR3 wild-type
(�/�) or knockout (�/�) mice. Even at 90 days, long
after wound closure, wounds in the CXCR3�/� mice
remained hypercellular and presented immature ma-
trix components. The CXCR3�/� mice also presented
poor remodeling and reorganization of collagen,
which resulted in a weakened healed dermis. This in
vivo model substantiates our in vitro findings that
CXCR3 signaling is necessary for inhibition of fibro-
blast and endothelial cell migration and subsequent
redifferentiation of the fibroblasts to a contractile
state. These studies establish a pathophysiologic role
for CXCR3 and its ligand during wound repair. (Am J
Pathol 2007, 171:484–495; DOI: 10.2353/ajpath.2007.061092)

Skin wound repair is a complex, highly orchestrated
event consisting of an early hypercellular infiltrate that
resolves over time, with loss of most of the regenerative-

phase dermal fibroblasts and vascular conduits.1 This
reversion of the dermal cellularity is necessary for the
maturation and strengthening of the matrix, which when
lacking, leads to chronic wounds.2 This leaves open the
question of which signals define both the transition from
regeneration to resolution and the cellular involution that
accompanies these changes.

Wound repair requires the ordered immigration of fi-
broblasts into the provisional matrix and keratinocytes
over this matrix. This immigration and replacement of the
tissue appears to be under the influence of both soluble
factors secreted first by platelets and then by inflamma-
tory cell infiltrates, and also matrix components produced
by these cells and the immigrated fibroblasts and endo-
thelial cells. Among the latter, tenascin-C and throm-
bospondins seem to play a major role and thereby mark
the immature, regenerative phase of wound healing.3–5

These influence the functionality of the vasculogenesis by
acting, directly or indirectly, through growth factor recep-
tors.6,7 These events involve a degree of cellular dedif-
ferentiation to enable migration and proliferation. During
the remodeling phase, sufficient cells have migrated into
the provisional dermal matrix to mature this structure and
across the missing epidermal gap to re-establish a ker-
atinocyte covering. These cells then differentiate into syn-
thetic fibroblasts to produce a mature collagen I-rich
dermis or basal keratinocytes primed to differentiate ver-
tically. Interestingly, a fully repaired dermis is paucicel-
lular compared with the regenerative phase, implying a
significant involution of the stromal support cells (fibro-
blasts and endothelial cells) present during the regener-
ative phase.8 Obviously, late in wound repair, signals
must be generated to induce dermal cell differentiation
and subsequent cellular loss.
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The nature of such signals is not known. However, a
suggestive family of chemokines appears in wounds dur-
ing late transition to maturation phase. IP-10 (CXCL10)
appears in the dermis, being produced by endothelial
cells of the neovasculature,9,10 and IP-9 (CXCL11 or I-
TAC) is expressed from redifferentiating keratinocytes
behind the leading edge of the wound (Ref. 11 and
herein). These secreted peptide factors, both CXC che-
mokines that lack the canonical N-terminal sequence
ELR (glutamic acid-leucine-arginine), bind in common to
the ubiquitous CXCR3 chemokine receptor.12 Signaling
through CXCR3 blocks growth factor-induced motility of
fibroblasts11,13 and endothelial cells14 by suppressing
m-calpain activation.15 Interestingly, such a blockade of
rear release during motility converts fibroblasts to a con-
tractile behavior,16,17 reminiscent of the function of these
cells during dermal matrix remodeling.18 Of importance,
these chemokines do not block the motility of dedifferen-
tiated keratinocytes but rather increase their motility via
lessened adhesiveness19 and thus would promote more
rapid re-epithelialization.11 Parenthetically, cell homo-
typic contact inhibition has been proposed as the most
likely signal for keratinocyte redifferentiation.2 The timing of
the expression of IP-9 and IP-10, along with their cellular
effects, suggests that these chemokines are at least part of
the key communication between the dermis and epidermis
that signals an end to the regenerative phase and initiation
of the remodeling phase of wound repair.

We have shown earlier that keratinocyte-derived IP-9
may act as a soluble paracrine communicator between
these compartments.11 However, although correlative data
were present, interventional in vivo models were required to
demonstrate this role for CXCR3 signaling as a master
organizer in wound repair. Mice have been generated that
lack CXCR3.20 These mice displayed decreased immune
responsiveness and inflammation in the skin.20,21 However,
wound repair has not been studied in this model system.
Thus, we used the CXCR3-null mice to test our hypothesis
that, in the absence of CXCR3 signaling, the later resolving
phase of wound repair will be impaired and will exhibit a
hypercellular, disorganized dermis.

Materials and Methods

Animals

C57BL/6J mice whose CXCR3 expression was abro-
gated were generated as previously described.20 In
brief, two targeted cell lines were injected into blasto-
cysts derived from C57BL/6 mice. Chimeric males were
bred to BALB/c females to yield germline transmission of
the targeted allele. Mice were backcrossed at least 6
generations onto the C57BL/6 strain. For this study,
CXCR3�/� female mice were bred with CXCR3�/� males,
and all offspring were screened for genotype before use.
Wild-type C57BL/6J were obtained from Jackson Labo-
ratory. All studies on these animals were performed in
compliance with and after approval by the Institutional
Animal Care and Use Committees of the Veteran’s Ad-
ministration and University of Pittsburgh. These animals

were housed in a facility of Veteran’s Affairs Medical
Center, Pittsburgh, PA, accredited by the Association for
the Assessment and Accreditation of Laboratory Animal
Care. Serological analyses did not detect blood-borne
pathogens or evidence of infection. Mice were housed in
individual cages after wounding and maintained under a
12-hour light/dark cycle in accordance with the guide-
lines approved by the Institutional Animal Care and Use
Committee.

Polymerase Chain Reaction

To verify that the mice were CXCR3�/�, genomic DNA
from tail clippings was screened by polymerase chain
reaction using specific primers for wild-type and
CXCR3�/� mice. Three oligonucleotide primers were
used. Primer “A” is the forward primer common to both
wild-type and CXCR3�/� (5�-CAGGCGCCTTGTTCAA-
CATCAACT-3�). Primer “B” is a reverse primer specific to
normal CXCR3 sequence (5�-GTTGTACTGGCAATGG-
GTGGCATT-3�). Primer “C” is a reverse primer specific to
the inserted phosphoglycerate kinase/neomycin se-
quence and is specific for screening CXCR3�/� mice
(5�-ACCTTGCTCCTGCCGAGAAAGTAT-3�). A band size
of 239 bp is expected in wild-type DNA, and a band size
of 1.1 kb is expected in CXCR3�/� mice. Screenings
were further confirmed by sequencing the polymerase
chain reaction product inserted in the pCRII vector using
M13 forward and reverse sequence primers.

Wounding

Male and female mice (7 to 8 weeks of age, weighing
approximately 25 g) were anesthetized with an intraperi-
toneal injection containing ketamine (75 mg/kg) and xy-
lazine (5 mg/kg). The backs were cleaned, shaved,
and treated with 5% povidone-iodine (Betadine; Purdue
Products, Stamford, CT) solution. For full-thickness
wounds, sharp scissors were used to make an approxi-
mately 2-cm diameter circular full-thickness wound
through the epidermis and dermis on one side of the
dorsal midline; for comparison, the dorsal length of a
mouse was about 7.5 cm long. The contralateral unin-
jured skin served as unwounded control skin. The
wounds were covered with liquid occlusive dressing
(New-Skin; Medtech, Jackson, WY).22 This wounding as-
say was performed three independent times with at least
five animals each time.

Wound Contraction

The animals were lightly anesthetized for several sec-
onds. Wounds were traced onto a transparent sheet, at
2-day intervals until complete closure. Wound size was
compared between the wild-type and CXCR3�/� groups.
The areas described by tracings were measured using
Adobe Photoshop image analysis software (version 7.0;
Adobe System Inc., San Jose, CA).
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Histological Analyses

Mouse

Wound bed biopsies surrounded by a margin of non-
wounded skin were collected at days 3, 5, 7, 14, 21, 30,
60, and 90 after wounding. Wound biopsies were fixed in
10% buffered formalin, processed, and embedded in
paraffin blocks using standard protocols. Tissue sections
(4 �m) were stained with hematoxylin and eosin (H&E)
and analyzed for general tissue and cellular morphology.
Collagen deposits were evaluated by Masson’s trichrome
staining.

Dermal Maturation Assessment

Histopathological examination of mouse tissues was
performed blinded by a veterinary pathologist. Qualita-
tive assessments were made concerning aspects of der-
mal and epidermal maturation, inflammation, and granu-
lation tissue. The samples were scored on a scale of 0 to
4 for epidermal healing (0, no migration; 1, partial migra-
tion; 2, complete migration with partial keratinization; 3,
complete keratinization; and 4, normal epidermis) and
dermal healing (0, no healing; 1, inflammatory infiltrate; 2,
granulation tissue present–fibroplasias and angiogene-
sis; 3, collagen deposition replacing granulation tissue
�50%; and 4, complete healing). Quantification of fibro-
blastic hypercellularity was performed by using Meta-
Morph (Molecular Devices, Downingtown, PA). Cell
counting function allowed for the direct counting of der-
mal nuclei per high-powered field.

Human

Full-thickness 6-mm (open) wounds were made in
the skin of the hip region of healthy young adult human
volunteers and biopsies taken on days 0, 2, 4, 14, and
28 after wounding. Paraffin tissue sections (5 �m) were
stained with hematoxylin and eosin for morphological
observations. The original wound studies were ap-
proved after full review by the Virginia Commonwealth
University/Medical College of Virginia Institutional Re-
view Board, and the use of the specimens herein were
deemed exempt by the University of Pittsburgh Institu-
tional Review Board because this tissue was received
as excess pathological tissue devoid of protected
health information.

Sections for immunohistochemical analysis were in-
cubated with appropriately diluted primary antibody,
after antigen retrieval (BioGenex, San Ramon, CA).
Antigen staining was performed using diaminobenzi-
dine (Vector Laboratories, Burlingame, CA), then coun-
terstained with Mayer’s hematoxylin and coverslipped.
In all cases, secondary antibody alone served as a
negative control, with various human tumor tissues
serving as positive controls.

For mouse tissue, paraffin sections of 4 to 5 �m were
prepared for antibody staining. The following antibod-
ies were used for immunohistochemical staining for
mouse specimens: CXCR3 (rabbit polyclonal; R&D

Systems, Minneapolis, MN), fibronectin (rabbit poly-
clonal; Rockland, Inc., Gilbertsville, PA), IP-10/CXCL10
(rabbit polyclonal; PeproTech, Rocky Hill, NJ), IP-9/
CXCL11 (rabbit polyclonal; PeproTech), tenascin-C
(rat polyclonal; R&D Systems), and von Willebrand fac-
tor (rabbit polyclonal; Abcam Inc., Cambridge, MA).
For murine tissue, antibodies were chosen not to be of
murine origin to limit background staining from the
secondary antibody. For human specimens, the follow-
ing primary antibodies were used: CXCR3 (rabbit poly-
clonal; R&D Systems), IP-9/CXCL11 (goat polyclonal;
Santa Cruz Biotechnology, Santa Cruz, CA), and IP-10/
CXCL10 (goat polyclonal; Santa Cruz).

Collagen Content

Masson’s trichrome staining was used to assess col-
lagen content. Collagen content was assessed using
MetaMorph analysis (Molecular Devices). Stained wound
biopsies were compared with that of the unwounded
controls; at all times the color was maintained to compare
the blue- and red-stained areas. The final output was
integrated intensity based on total area and staining in-
tensity at individual pixels. All wound biopsies were
stained at the same time to eliminate staining variations.

Collagen Alignment and Organization

Picrosirius red staining was used to assess alignment
and organization in intact biopsies. Briefly, picric acid
(Sigma-Aldrich, St. Louis, MO) was dissolved in 500 ml of
distilled water. To this, 0.1 g of Sirius red F3BA was
added per 100 ml (Sigma-Aldrich). Paraffin-embedded
tissue sections were rehydrated and stained with picric
acid. Collagen fibrils were then evaluated by means of
polarized light microscopy for both collagen fibril thick-
ness and coherence alignment. Polarization microscopy
reveals closely packed thick fibrils of type I collagen
fibers as either red-orange intense birefringence in the
hypertropic tissue, with thin short loose fibrils as yellow-
green. Distribution of fibrils in terms of thickness (cross-
sectional area) and arrangement in terms of length of the
collagen scars were quantitatively analyzed using Meta-
Morph (Molecular Devices). Biopsies of unwounded skin
served to set the threshold against which the wound
biopsies were measured. Percent staining of mature fi-
bers was determined by comparing the total staining
intensity of the birefringence (area of staining summed for
intensity of pixel) of wound biopsies compared with the
biopsies of the contralateral unwounded skin.

Tensile Strength

Biopsies were wrapped flat in foil, snap-frozen in liquid
nitrogen, and then stored at �80°C. For the tensile
strength measurements, the frozen specimens were di-
vided into two samples, the cross-sectional area mea-
sured with calipers, and then the samples were clamped
in a custom-built tensiometer and force exerted until
wound disruption occurred as previously described.22
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Measurements were recorded and tensile strength cal-
culated using the formula: maximum tensiometer reading
(converted to grams) divided by cross-sectional area
(mm2) � tensile strength (g/mm2). The results for individ-
ual specimens from one wound were combined to deter-
mine an average tensile strength per wound. The aver-
age tensile strength per wound was tabulated for each
group at days 7, 14, 21, 30, 60, and 90 after wounding.

Primary Fibroblast Cultures

Cultures were established from newborn CXCR3�/� and
C57BL/6 WT mice. The cells were derived from neonatal
mice as previously described.23 In brief, newborn mice (3
to 4 days old) were euthanized by CO2 inhalation. The
skin was sterilized with povidone-iodine and then ethanol
(70%), and then removed from the dorsum and abdomen
areas and placed in phosphate-buffered saline plus 2�
antibiotics and antimycotics for tissue culture solution for
2 hours. To isolate fibroblasts, the explant method was
used in which the skin is cut into small pieces and care-
fully laid down with the epidermis facing upward in the
tissue culture plates. Tissue is allowed to “dry to damp-
ness” before adding Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% fetal bovine serum for 4 days to
allow cells to migrate from the tissue onto the tissue
culture plastic. The cells were characterized as fibro-
blasts by morphology and immunohistochemistry for vi-
mentin and lack of cytokeratins and CD31. The cells were
then incubated in DMEM to allow outgrowth of the fibro-
blasts. The fibroblasts were used before passage 4.

Cell Migration Assay

Cell migration was assessed by the ability of the cells to
move into an acellular area in a two-dimensional wound
healing assay. At approximately 70 to 80% confluence,
cells were detached and then replated at 1.0 � 105

cells/well in 24-well culture plates in complete growth
media (DMEM) and incubated for 24 hours at 37°C in 5%
CO2. Cells were then washed with PBS, and the media
were changed to DMEM containing 0.5% dialyzed fetal
bovine serum for 24 hours at 37°C in 5% CO2. A denuded
area was generated in the middle of each well with a
rubber policeman. The cells were then stimulated with
epidermal growth factor (EGF) (10 nmol/L) in the pres-
ence or absence of IP-9 (25 ng/ml), adenosine 3�5�-cyclic
monophosphorothioate 8-bromo (8-Br-cAMP) (250 nmol/L),
adenosine 3�5�-cyclic monophosphorothioate 8-bromo-Rp-
isomer (8-Br-Rp-cAMP) (50 nmol/L), or CPT-cAMP (2
�mol/L) and then incubated for 24 hours at 37°C in 5%
CO2. These concentrations were determined empirically
to provide either maximum motility or inhibition without
toxicity.13,24 Images were taken at 0 and 24 hours, and
the relative distance moved into the wounded area at the
acellular front was determined.

Calpain Activity Assay

Calpain activity was determined by using the membrane-
permeable substrate t-BOC-Leu-Met-chloromethylamin-

ocoumarin (Boc-LM-CMAC) as described previously.24 In
brief, primary cells were plated at 2.0 � 103 cells/chamber
on an eight-well chamber slide (Nalge Nunc International,
Rochester, NY) and grown in complete medium for 24
hours. The cells were then incubated in serum-reduced
media (0.5% dialyzed fetal bovine serum for DMEM) and
incubated for 24 hours. The cells were incubated with 1,
2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid/
acetoxymethyl ester (5 �mol/L) for 15 minutes before the
addition of Boc-LM-CMAC (50 �mol/L). The cells were fur-
ther incubated for 15 minutes and then incubated with EGF
(10 �mol/L), IP-9 (50 ng/ml), and/or 8-bromo-cAMP (250
�mol/L). The cleavage of Boc-LM-CMAC by calpain was
visualized using a fluorescence microscope (Olympus
BX40; Olympus, Tokyo, Japan) with a UV blue filter (Olym-
pus MNUA), and images were digitally captured using a
SPOT camera and SPOT software (Diagnostic Instruments,
Sterling Heights, MI). Images were quantitatively analyzed
using MetaMorph (Universal Imaging Corp).

TUNEL Assay

Paraffin sections (5 �m) from each case and time point
under investigation were examined for the presence of
fragmented DNA in apoptotic cells by the terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) technique using the Roche TUNEL in situ
staining kit (Roche Molecular Biochemicals, Basel,
Switzerland), according to the manufacturer’s instruc-
tions. To detect DNA fragmentation associated with
apoptosis, we used a fluorescence-based TUNEL
(false colored red) followed by counterstaining with
4,6-diamidino-2-phenylindole (blue) (Vector Laborato-
ries, Burlingame, CA).

Statistical Analyses

Results are expressed as mean � SD, and all individual
assay measurements were performed in replicate. Statisti-
cal differences between groups were determined by the
Student’s t-test. Paired analyses were performed between
all groups. Comparisons over time were performed by anal-
ysis of variance. Significance was claimed for P � 0.05.

Results

CXCR3 Ligands Are Up-Regulated during
Wound Healing

The CXCR3 receptor is present on most formed ele-
ments of the skin (Figure 1A). In vitro, fibroblasts,13

keratinocytes,11 and endothelial cells,14 in addition to
cells of the hematopoietic lineage,12 respond to
CXCR3 ligands. Our foundational model, based on
cellular effects in vitro, posits that the signaling through
this receptor depends on timed expression of key li-
gands. We found differential expression of the CXCR3
ligands IP-9 and IP-10 during wound healing using a
mouse model of wound repair. IP-9 was expressed by
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keratinocytes just behind the leading edge of the
wound, and IP-10 was expressed deep in the dermis
as well as at the wound edge in wild-type mice (Figure
1B for IP-9 and Figure 1C for IP-10). These same
results were observed in the CXCR3�/� mice, suggest-
ing that CXCR3 is not required for secretion of its
ligands. If anything, there seems to be increased pro-
tein levels likely due to lack of receptor-mediated li-
gand attenuation.

To determine whether the IP-9 and IP-10 expression
patterns during mouse wound healing process are rele-
vant to human wound healing, we found that during the
healing process in human wounds, IP-9 was expressed
during the early granulation phase and IP-10 in the late
granulation/early resolving phase (Figure 1D). The results
demonstrate a good correlation in IP-9 and IP-10 expres-
sion between mouse and human during the wound heal-
ing process.

Figure 1. IP-9 and IP-10 are wound-response che-
mokines. A–C: Circular (2-cm diameter) full-thick-
ness wounds were made on the dorsum of wild-
type (WT) or CXCR3�/� C57BL/6 mice. The mice
were sacrificed at intervals and the tissue embed-
ded in paraffin and examined by immunohisto-
chemistry IP-9- or IP-10-specific antibodies. A:
CXCR3 is found throughout all formed elements of
skin in wild-type mice. In the CXCR3 knockout
model, the receptor has been deleted, and staining
is not visible in the skin. The absence of staining
also serves as a control demonstrating lack of back-
ground reactivity of the primary and secondary
antibodies with murine tissues. B: In wounded
wild-type (WT) mice, IP-9 is expressed in epider-
mis as early as day 4 with absence by day 16. In
wounded CXCR3�/� mice, IP-9 is expressed in
patters similar to the WT mice. C: IP-10 expression
is up-regulated in both the epidermis and dermis at
day 4 but reverts to baseline by day 16 in the
dermis; it remains high in the epidermis past 3
weeks after wounding. In wounded CXCR3�/�

mice, IP-10 is expressed in patterns similar to the
WT mice. D: Wounds were made in the skin of the
hips of normal human volunteers, and at varied
intervals, wound biopsies were taken. The tissue
was embedded in paraffin and the section ana-
lyzed for IP-9 and IP-10 expression by immunohis-
tochemistry. As shown, IP-9 and IP-10 in human
biopsies are expressed during the intermediate re-
generate phase 1 to 2 weeks after wounding. All
shown biopsies shown are representative of at
least three individuals at that time period. The
images measure 450 �m on each side. Original
magnifications, �200.
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Lack of CXCR3 Delays Dermal Wound Healing

Once we had a system in which CXCR3 signaling is
present or absent in skin, we asked whether this para-
crine signaling system, which we have previously
shown in vitro is necessary for the inhibition of fibro-
blast motility and induction of a contractile state,11

functions in vivo. Circular (2 cm in diameter) full-thick-
ness wounds were made by removing the epidermal
and dermal layers of the skin on the backs of mice.
These wounds healed in both genotypes, but there was
a greater than 2-day lag in the closure rate for the
CXCR3�/� mice, with full closure occurring a week

later on average (Figure 2A; n � 10; P � 0.05). Since
full-thickness wounds in mice close predominantly via
contraction, this delay was consistent with the in vitro
mechanism of CXCR3 signaling channeling dermal fi-
broblasts from migration to contraction.16

The delay in full-thickness wound healing was evident
by day 7 in the CXCR3�/� mice compared with the wild-
type mice (Figure 2A). However, after an extended time
period, the abnormality in healing of full-thickness
wounds became more grossly apparent (Figure 2B).
Even after 3 months, the CXCR3�/� wounds presented
what appeared to be a scab because of its flaky appear-

Figure 2. Wound closure is delayed in CXCR3�/� mice. Full-thickness wounds, approximately 2-cm diameter and circular, were analyzed every 2 to 3 days from
time 0 until closure. A: Wound closure was determined by tracing the wounds and expressing the area relative to initial wound size. Closure of full-thickness
wounds was delayed in the CXCR3�/� mice (open diamonds, dashed line) by 2 to 3 days for the rate of closure and up to a week for complete healing when
compared with WT mice (filled diamonds, solid line) (mean � SD, n � 10, P � 0.05, comparing the wound closure of WT versus CXCR3�/�). B: CXCR3�/�

full-thickness wounds show altered healing patterns. Representative photographs are shown of the full-thickness wounds of various days up to day 90. At day
90, the CXCR3�/� wound showed abnormal healing with a thickened, flaky wound surface shown by black arrows, whereas wild-type wounds appeared
completely healed. C: Histological H&E-stained sections showed that the CXCR3�/� wounds were hyperkeratinized (HK) with a thicker epithelial layer (EL)
compared with wild-type wounds even at day 90. The dermis also displayed hypercellularity (HC) at day 90 in the CXCR3�/� mice. D and E: Histological
assessments were made of each wound at all time points by a blinded veterinary pathologist. Collagen remodeling was determined by the alignment of the
collagen fibrils; fibroblast infiltration in the wounded area was determined by scoring the maturity of the fibroblast from most reactive to normal. WT mice are
shown as black bars, CXC3R�/� as open bars. Measurements were made on a scale of 0 to 5 (unwounded) (mean � SD, n � 3, *P � 0.05 comparing WT versus
CXCR3�/�). In B and C, the pictures and histological sections were representative of three individual mice. The black marks are from the India ink used to
delineate the original wound. The photomicrographs measure 300 �m on each side. Original magnifications, �400.
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ance. Histological examination of these day-21-to-90
wounds revealed a thicker epithelial layer and prominent
thick and hypercellular stratum corneum (hyperkeratini-

zation), seemingly less well connected to the dermis as
late as day 90 (Figure 2C). Histologically, examination of
the biopsies presented an immature hypercellular dermis

Figure 3. Apoptosis of dermal cells is delayed in mice lacking CXCR3. Apoptosis was assessed in CXCR3�/� mice by in situ TUNEL throughout the healing
process. Representative micrographs (n � 3 for each mouse genotype per time point) show apoptotic signaling determined by DNA fragmentation associated with
apoptosis. Detection of apoptotic cells (red) showed fewer apoptotic events in wounds in the CXCR3�/� mice than in the wild-type mice; nuclei are stained by
4,6-diamidino-2-phenylindole stain (blue). These stains were merged resulting in a violet stain for apoptotic cells; red alone is considered nonspecific.

Figure 4. Wound immaturity of CXCR3�/� is reflected in the persistent presence of tenascin and fibronectin. Tenascin-C becomes pronounced on day 2 in both
wild-type and CXCR3�/� wounds (data not shown). As the scar develops and matures, tenascin expression decreases in the wild-type wound, yet in the
CXCR3�/�, strong wound expression is still present as late as day 90. There also is an enhanced expression of fibronectin in the CXCR3�/� wound compared
with the wild-type wounds at day 60, with even somewhat elevated levels at day 90. Interestingly, fibronectin expression in wounds of the CXCR3�/� mice seems
to be delayed since it is still absent from day 7, although present by day 14 (data not shown). Shown are representative of three wounds in each mouse variant.
The images measure 200 �m on each side. Original magnifications, �400.
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(Figure 2C) and was quantified (Figure 2, D and E) as
was predicted by our model that CXCR3 signaling serves
as an “off” signal for wound healing.

Wounds in Mice Lacking CXCR3 Signaling
Presented Delayed Apoptosis of Dermal Cells

The exuberant cellularity that marks the regenerative
phase is reversed during wound resolution. Thus, the
noted hypercellularity months after wounding and even
wound closure may correspond to a deficit in this regres-
sion. We probed for a marker of apoptotic cell death, free
ends indicative of DNA fragmentation in these wounds
(Figure 3). TUNEL staining of the wound field biopsies
demonstrated that 30 and 60 days after wound healing,
there was a significantly greater absolute and relative
number of apoptotic cells in the dermis in the wounds
of wild-type mice compared with CXCR3�/� mice. How-
ever, by day 90, at which time point the healed wounds in
wild-type mice are paucicellular, dermal cell apoptosis

continued in the wound fields of the CXCR3�/� mice. This
suggests the CXCR3 signaling is at least in part respon-
sible for the cell apoptosis during the resolving phase
that restores a paucicellular dermis.

Matrix Immaturity in the Absence of CXCR3
Signaling

One of the defining aspects of mature skin is the matu-
ration of the matrix to allow for a basement membrane
delineating the dermal-epidermal separation. This transi-
tion from immature matrix to delineating margin is marked
by progression from expression of fibronectin and tena-
scin-C to laminin V and collagen IV by both dermal fibro-
blasts and epithelial keratinocytes.25,26 In the absence of
the CXCR3 signaling, the progression to a mature matrix
and a remodeled basement membrane seemed retarded
(Figure 4). Staining for provisional matrix components
tenascin-C and fibronectin showed a persistence of the
transient tenascin-C expression even through 90 days.

Figure 5. Lack of CXCR3 results in a
weakened wound dermis. A: Full-thick-
ness wounds surrounding normal skins
biopsies were taken from the CXCR3�/�

(open diamonds, dashed line) and wild-
type (filled diamonds, solid line) mice at
days 7 to 90 after wounding for tensile
strength measurements. The CXCR3�/�

wounds showed significantly less tensile
strength than the wild-type wounds at
days 30 and beyond (mean � SD, n �
6,*P � 0.05). B–E: The CXCR3 wounds
contained less collagen, and what was
present was poorly organized. B and C:
Collagen was quantified using Masson’s
trichrome staining. Images of the
CXCR3�/� and wild-type wounds
showed distinguishable patterns of col-
lagen remodeling. MetaMorph analysis
of the wound collagen confirmed that
the CXCR3�/� wounds had significantly
less collagen than wild-type wounds at
days 60 and 90 (shown), as shown by
arrows (mean � SD, n � 3, *P � 0.05).
D and E: Quantitative analysis of colla-
gen alignment showed a significant dif-
ference between the wild-type and
CXCR3�/� wounds at days 30 and 90
(shown). Picrosirius red staining showed
that healing of the CXCR3�/� full-thick-
ness wounds results in less organized
dermal matrix, shorter collagen fibers,
and an immature scar, as shown by ar-
rows (determined by total integrated bi-
refringence compared with contralateral
unwounded skin; mean � SD, n � 3,
*P � 0.05). F: CXCR3�/� wounds (open
bars) remained hypercellular as late as
90 days after wounding compared with
WT wounds (solid bars) and un-
wounded skin (UNW) (mean � SD, n �
3, *P � 0.05). The images measure 300
�m on each side. Original magnifica-
tions, �400.
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The reactive fibronectin expression seemed to be de-
layed, only appearing after 7 days, and being quite pro-
nounced at 60 days, although returning to normal by day
90. These changes were noted both throughout the der-
mis and in the area that should form the basement mem-
brane barrier in the CXCR3�/� wounds.

Deficient Collagen Organization and Dermal
Wound Strength

A major function of the fibroplasia after wounding is to
regenerate the collagen matrix of the dermis. However, it
is only after the fibroblasts are channeled toward a “dif-
ferentiated” state that they become synthetic.27 In addi-
tion, it has been speculated that myofibroblast contrac-
tion of the matrix is required for collagen bundling and
alignment during the remodeling phase of wound re-
pair.16,28,29 Thus, we asked whether the CXCR3�/� mice
presented a weakened dermis. Tensiometry demon-
strated that in unwounded skin, CXCR3�/� mice pre-
sented somewhat higher absolute tensile strength (31 �
6% increased) than that of wild-type mice. However,
during wound healing, the regain of tensile strength of the
CXCR3�/� mice wounds lagged behind that of wild-type
mice, and even at 90 days after wounding, the CXCR3�/�

mice regained only 40 to 50% of the prewounding
strength compared with 70 to 80% for the wild-type mice
(Figure 5A). Even when comparing absolute tensile
strength, the wounds in the CXCR3�/� mice were still
significantly less strong than those of the wild-type mice
at all time points measured (71 � 10% of wild type, P �
0.01).

To determine whether this difference in regained ten-
sile strength between the wild-type and CXCR3�/�

wounds is due to collagen content and organization,
histological analyses were undertaken. Masson’s
trichrome staining showed less collagen in the CXCR3�/�

wounds from days 7 through 90 (Figure 5, B and C). In
addition, the wild-type wounds displayed a denser and
more organized granulation tissue at day 90, suggesting
better healing of these wounds (Figure 5, C and E).
Picrosirius red staining showed that in the wounds of
CXCR3�/� mice, the collagen fibers were short and the

scar immature (Figure 5, D and E). Histological assess-
ment of the hematoxylin and eosin-stained sections also
detected an immaturity in the collagen of the dermal
matrix (Figure 2C). Interestingly, this collagen deficiency
was not due to a paucity of fibroblasts; the CXCR3�/�

mice presented a significantly hypercellular wound der-
mal compartments at day 90 (Figure 5F). This is consis-
tent with CXCR3 activation being a “stop immigration”
signal. Interestingly, by day 90, when the wild-type
wounds were well past the regenerative stage, the
CXCR3�/� wounds were still hyperkeratinized, hypercel-
lular, and contained a significantly greater density and/or
number of blood vessels.

Angiogenic Response Is Persistent in the
Absence of CXCR3 Signaling

ELR-negative CXC chemokines have been thought to
regulate the angiogenic drive during wound healing by
inhibiting the growth and migration of proliferating endo-
thelial cells.14 CXCR3 receptor expression is increased
during the inflammatory phase after day 4 and sup-
presses uncontrolled angiogenesis.30 We had predicted
that in the absence of the receptor, a proangiogenic state
would appear throughout all stages of repair (Figure 6A).
The knockout mice showed an up-regulated angiogenic
response compared with wild type even at day 90 (Figure
6B), suggesting that the CXCR3 receptor contributes to
the timing and regulation of vascularization, which may in
turn aid in homeostasis during wound healing.

Fibroblasts Lacking CXCR3 Respond to Growth
Factor Stimulation

A central cell type implicated in this model is the der-
mal fibroblast, which normally expresses CXCR3. It is
possible that in the CXCR3-null mice, these fibroblasts
are deficient in signaling elements in addition to
CXCR3 itself. As we have shown previously in vitro that
fibroblast migration was inhibited by IP-9 and IP-10
through a protein kinase A (PKA) inhibition of m-cal-
pain,13,15 we focused on these two elements, the inte-

Figure 6. Blood vessels persist in the wounds or
mice lacking CXCR3. Neovascularization in
CXCR3�/� mice was assessed using immuno-
staining of von Willebrand factor antigen outlin-
ing blood vessels of the mice. A: Quantitation of
the number of capillaries, as determined by von
Willebrand factor staining and morphometry,
with a low-power field in the center of the
wound is shown in the graph. WT mice are
represented by filled diamonds with solid line,
and CXCR3�/� are represented by open dia-
monds with dashed line. This was derived from
two independent experiments of three mice in
each group/time period (n � 6) with each
mouse evaluated in three random low-power
fields (shown are mean � SD, *P � 0.05). B:
Representative von Willebrand factor immuno-
staining demonstrates the paucity of capillaries
(arrows) at day 90 in wild-type wound com-
pared with the CXCR3�/� wounds. The images
measure 300 �m on each side. Original magni-
fications, �400.
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grated response of motility and the molecular event of
m-calpain activation. We isolated fibroblasts from wild-
type and CXCR3�/� mice. Both primary dermal fibro-
blasts migrated in response to EGF, but only wild-type
fibroblast locomotion was limited by IP-9 and IP-10
(Figure 7A). This failure to block rear release was re-
flected in the ability of IP-9 to prevent EGF-initiated
activation of calpain in the CXCR3�/� fibroblasts (Fig-
ure 7, B and C). That the CXCR3-null fibroblasts were
only lacking the CXCR3 triggering of PKA inhibition of
calpain was shown by CPT-cAMP being able to block

migration of these cells similar to wild-type cells (Fig-
ure 7A). These cells were also similar to wild-type cells
in EGF-induced proliferation (data not shown), which
was unaffected by CXCR3 ligands as expected.13

Discussion
Wound healing is essential for the survival of any organ-
ism. Failure to heal properly leads to chronic wounds
(venous, diabetic, and pressure ulcers), infection, meta-

Figure 7. Dermal fibroblasts from CXCR3-null mice appear normally responsive with the exception of CXCR3 signaling. Primary dermal fibroblasts were isolated
from wild-type and CXCR3�/� mice and analyzed for response to a wound growth factor (EGF for the EGF receptor network) and the CXCR3 ligands. A: In a
two-dimensional in vitro “wound healing” assay, fibroblasts from both mice were equally responsive to EGF, but only the wild-type dermal fibroblasts responded
to IP-9. Fibroblast cells were grown to �80 to 85% confluence in a 12-well plate and quiesced in 0.5% dialyzed fetal bovine serum DMEM for 24 hours. A
1-mm-wide “scratch wound” was made in the fibroblasts monolayer using a rubber policeman. The cells were then incubated in 0.5% dialyzed DMEM alone (NT)
(no treatment) or containing EGF (10 nmol/L) in the presence or absence of IP-9 (25 ng/ml) or IP-10 (200 ng/ml) and/or the membrane-permeant PKA activator
CPT-cAMP (2 �mol/L). As expected, IP-9 and IP-10 inhibited motility only in the wild-type fibroblasts, but by bypassing CXCR3 signaling and directly activating
PKA, both types of fibroblasts were limited in their migratory capacity and EGF response (mean � SD, n � 3, P � 0.05 comparing the wild-type to CXCR3�/�

fibroblasts in response to IP-9 or IP-10). B: To demonstrate that this failure to inhibit motility involved the well-described blockade of calpain activation, fibroblasts
were plated on gelatin-coated glass chamber slides at 1.0 � 104 cells/well and incubated for 24 hours and then further incubated in 0.5% dialyzed fetal bovine
serum DMEM for 24 hours. The cells were preincubated with or without 1,2-bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid/acetoxymethyl ester (50
�mol/L) and/or the PKA activator 8-	r-cAMP (250 �mol/L) before treatment with EGF (10 �mol/L) and/or IP-9 (50 ng/ml) in the presence of Boc-LM-CMAC (27
�mol/L). Calpain activation was analyzed by fluorescence microscopy. Fluorescence within the cell indicates calpain activity. 8-Br-cAMP was able to inhibit
EGF-mediated m-calpain activation in both wild-type and CXCR3�/� fibroblast explants. C: Calpain activity was quantified by MetaMorph analysis (mean � SD,
n � 6). IP-9 only inhibited m-calpain activation in wild-type fibroblasts. WT mice are shown as black bars, CXC3R�/� as open bars. *P � 0.05. Data shown are
from a representative experiment of three, each with a different cell isolate.
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bolic derangements, or excessive healing and its con-
comitant scarring. Proper healing requires not only suffi-
cient repopulation of the missing tissue but also
subsequent maturation of the nascent wound bed. For
skin, the initial regenerative phase with significant dermal
cellularity undergoes dermal matrix production, matura-
tion, and cellular involution as part of this last remodeling
phase of wound healing. The studies herein shed some
light on the understudied question of how the different
components of skin end their regenerative phase to form
a mature tissue during the wound resolution phase. Our
foundational model has soluble factors working through
the common receptor for ELR-negative chemokines,
CXCR3, which channels the dermal elements toward a
paucicellular and relatively avascular organized collagen-
rich matrix similar to unwounded skin. In mice lacking this
CXCR3 receptor, the fibroplasia and angiogenic re-
sponses seem to persist with a resulting hypercellular
dermis that has less collagen and, even accounting for
this deficit, fewer mature fibers thereof. This results in a
weakened dermis.

A caveat to these studies relates to our lack of negat-
ing CXCR3 signaling by an independent method. This is
an unfortunate consequence of the nature of the signal-
ing network and proposed role that CXCR3 plays later in
wound resolution. First, because CXCR3 ligands are mul-
tiple, eliminating only one would not be expected to re-
capitulate the deletion of the common receptor. Still, we
have initiated efforts to parse the contributions of at least
epidermally derived IP-9 during skin repair; however,
such studies lie beyond the scope of the present com-
munication. Second, blockade of CXCR3 signaling is
possible using antibodies. This was not attempted be-
cause the initial findings in the CXCR3-null mice sug-
gested that the major role was later in the resolving phase
of wound repair, with actions through 3 months. Thus, this
intervention was precluded by considerations of the tech-
nical issues of antibody delivery into the dermal matrix
without inducing an antibody-mediated immune re-
sponse that would impinge on the wound healing.

Furthermore, we have discussed throughout the
CXCR3 ligands IP-9/CXCL11 and IP-10/CXCL10 as the
relevant ones for the wound healing defects noted herein.
The importance of these two ligands is inferred because
of their presence during the regenerative and resolving
phases of wound healing.10,11 However, the other two
CXCR3 ligands, PF4/CXCL4 and MIG/CXCL9, likely play
roles, albeit at earlier time points since these ligands
arise mainly from platelets and macrophages, respec-
tively.21,30 Although there are reports of these ligands
modulating angiogenesis, among other wound aspects,
the temporal nature of their appearance argues against a
role in the deficiencies of later dermal maturation focused
on herein. However, studies that lie beyond the scope of
the current manuscript are investigating these more
acute actions.

It must be noted that although the wound repair in mice
lacking CXCR3 is deficient, it does occur and thus seems
to be mainly a temporal deficit rather than an absolute
qualitative omission. The mice lacking CXCR3 did close
their wounds and regained skin structures and function,

although at delayed times. As such, there exist redun-
dancies in wound repair pathways, as would be ex-
pected for a response so critical to animal survival. What
these other, possibly compensatory, pathways may be
remain to be determined. However, it is possible that
these other pathways are operative during development
because the CXCR3�/� mice develop seemingly normal
skin, almost indistinguishable from wild-type mice before
wounding (the CXCR3�/� mice skin is slightly thicker in
our observations). Thus, the wound phenotype, at least in
the CXCR3�/� mice, seems to recapitulate the ontogeny
of skin development, further supporting the concept that
wound repair actuates a replay of the embryonic/fetal
mechanisms of development.

The wounds in the CXCR3-null mice presented a hy-
percellular dermis. This may be due to failure either in
preventing immigration and/or proliferation or in inducing
apoptosis or a combination thereof. It is unlikely that this
outcome is due to a defect in fibroblast proliferation,
since IP-10 had no effect on induced proliferation of
human dermal fibroblasts in vitro13 or in the explanted
cells herein. Furthermore, in vitro, the CXCR3 ligands did
not induce fibroblast death; however, it remains to be
determined whether these chemokines predispose or po-
tentiate fibroblast and endothelial cell apoptosis from
other signals derived from the resident inflammatory
cells. The most likely failure is that of permitting persistent
fibroblast immigration into the wound bed from surround-
ing tissue. CXCR3 ligands block growth factor-induced
locomotion by preventing m-calpain-mediated rear re-
lease.15 This not only limits migration but channels the
transcellular contractility toward matrix compaction16,17 a
process critical for dermal maturation.28,29 Of interest,
this chemokine signaling pathway may also alter the dif-
ferentiation status of these fibroblasts. Despite having a
surfeit of fibroblasts, the dermis is lacking in collagen
content and density. Whereas the deficit in collagen bun-
dles may be related to the necessity of contraction for
generating such, the diminished amount of collagen is
even more striking when considered on a per-fibroblast
basis. Thus, it is likely that the CXCR3 signaling cascades
actuate fibroblast differentiation into a synthetic cell; this
is currently being investigated.

The role of CXCR3 signaling in epidermal repair is still
emerging. Initial observations suggest a delay in re-epi-
thelialization and even thickened epidermal cell and ker-
atin layers. However, these observations require exten-
sive and separate experimentation that lies beyond the
current manuscript. Germane to these studies, the pro-
gression from provisional matrix to mature matrix and a
formed basement membrane that delineates and sepa-
rates the mature dermal and epidermal layers seems to
be retarded, with markers of provisional matrix still prom-
inent at days 60 and 90 in wounds of the CXCR3�/� mice.
Although it is true that keratinocytes actually contribute
substantially, if not predominantly to this basement mem-
brane,31 fibroblast immaturity in the CXCR3�/� mice
might delay the formation of a mature basement mem-
brane even in the absence of keratinocyte deficiencies.
As such, further investigation is necessary to address this
question.
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All of these findings have intriguing implications for
rational interventions aimed at promoting wound heal-
ing or limiting scarring. What is attractive is that this
signaling axis involves extracellular factors that are
accessible for either removal/blockade or augmenta-
tion. Thus, disrupting CXCR3 signaling should lead to
less collagen and fewer bundles, with limited scarring.
On the other hand, additional CXCR3 signaling, via a
ligand applicant, may result in more rapid maturation of
the skin compartments. Last, and most speculatively, it
has not escaped our notice that the wound repair in the
CXCR3�/� mice bears a resemblance to that noted
during keloid dysplasia, with a hypercellular dermis
and thickened epidermis.
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